1.. Introduction {#S0001}
================

In recent years, increasing attention has been paid toward simulating informatics-aided materials. One of the aims is to discover novel functional materials by combining data scientific methods and computational material simulations \[[1](#CIT0001)\]. Some research groups have been successful in efficiently discovering novel functional materials using materials informatics techniques, such as high-throughput screening and machine learning methods, in various areas of materials science \[[2](#CIT0002)--[9](#CIT0009)\]. Materials informatics can also substantially contribute to data mining by clarifying the relationships, i.e. the so-called quantitative structure-property relationships (QSPRs), between the structures and properties of functional materials \[[10](#CIT0010)\]. In this case, regression analysis methods, such as partial least-squares (PLS) regression, principal component analysis (PCA), support vector regression (SVR), and least absolute shrinkage and selection operator (LASSO) regression, are often used for building regression models for molecules and crystal structures \[[11](#CIT0011)--[19](#CIT0019)\]. Clarifying the descriptors indicating the QSPRs will accelerate the design of functional materials.

Broderick et al. conducted successive studies on mining descriptors \[[20](#CIT0020)--[23](#CIT0023)\]. They clarified the relationship between the electronic states and physical properties of target materials through a data mining analysis, with the density of states (DOS) as spectral data. Using a combination analysis with PCA and PLS methods, they found a strong correlation between several characteristic DOS peaks and bulk moduli for binary alloys \[[23](#CIT0023)\], which helped in understanding the important factors affecting a particular property and in predicting the property of novel functional materials without serious evaluations (e.g. experimental measurements or expensive theoretical simulations such as first-principles calculations).

In this paper, we introduce a PLS regression analysis to reveal the correlations between dielectric properties and different physical and chemical properties of perovskite-type materials with the general formula ABO~3~. Some of the perovskite-type oxides are well-known dielectric materials \[[24](#CIT0024)--[27](#CIT0027)\]. In particular, barium titanate BaTiO~3~ and strontium titanate SrTiO~3~ are commercially available ferroelectric materials. The rest of this paper is organized as follows. In [section 2](#S0002), we show the methodology of the first-principles calculations based on the density functional theory (DFT) \[[28](#CIT0028)\] and the procedure to perform the PLS regression analysis \[[29](#CIT0029)--[31](#CIT0031)\]. In [section 3](#S0003), we show the suitable descriptors used to predict the dielectric properties of target materials and the accuracy with which they can be predicted. Finally, the conclusions drawn from this study are given in [section 4](#S0004).

2.. Computational details {#S0002}
=========================

2.1.. First-principles calculation {#S0002-S2001}
----------------------------------

We used the Vienna *ab initio* simulation package (VASP) \[[32](#CIT0032)--[35](#CIT0035)\] based on the DFT with a projector augmented-wave method \[[36](#CIT0036),[37](#CIT0037)\] and a plane-wave basis set to optimize the unit cells and atomic coordinates of the target materials. A Perdew--Burke--Ernzerhof generalized gradient approximation (GGA-type) exchange-correlation functional modified for solid materials \[[38](#CIT0038)\] was used. The cutoff energy for the plane-wave basis was set to 500 eV. The unit cells of all the structures were optimized with the ***k***-point resolution set to 1,000 for a high-throughput investigation (i.e. *N~x~, N~y~*, and *N~z~*, which are the numbers of grids in the *k~x~-, k~y~*-, and *k~z~*-directions of the reciprocal space, respectively, were set to satisfy the condition *N~x~* × *N~y~* × *N~z~* × *N*~atom~ ≈ 1,000, where *N*~atom~ is the number of atoms in each structure). The following materials were considered in this study. The composition was ABO~3~, with the cation A being Mg^2+^, Ca^2+^, Sr^2+^, Ba^2+^, or Zn^2+^ and cation B being Ti^4+^, Zr^4+^, Hf^4+^, Si^4+^, Ge^4+^, or Sn^4+^ (the number of compositions was 30). In addition, 12 space group symmetries of the target materials were selected: Pnma (\#62), Fmmm (\#69), Imma (\#74), P4mm (\#99), P4/mmm (\#123), R3 (\#148), R3m (\#160), R3c (\#161), R3m (\#166), R3c (\#167), P6~3~/mmc (\#194), and Pm3m (\#221). Hence, 360 perovskite-type oxides were prepared as sample data for the PLS regression analysis.

2.2.. PLS regression analysis {#S0002-S2002}
-----------------------------

The following descriptors were used as explanatory variables in the PLS regression analysis: the cohesive energies and bulk moduli of the target materials; Pauling electronegativities \[[39](#CIT0039),[40](#CIT0040)\], Shannon ionic radii \[[41](#CIT0041)\], differences between the Bader charges \[[42](#CIT0042)\] and the formal charges (separate values are given for cations A and B), and DOS spectral data for both A and B cations; bond length of A − O and B − O; and radial distribution function (RDF) spectral data of A − A, A − B, A − O, B − B, B − O, and O − O combinations. The cohesive energies (differences between their total energies and the energy of an isolated atom for each element) were calculated beforehand. The bulk moduli were estimated by fitting the Murnaghan equation of state to an energy--volume curve \[[43](#CIT0043)\]: $$\begin{matrix}
 & {E\left( V \right) = E_{0} + B_{0}V_{0}\left\lbrack {\frac{1}{B_{0}^{\prime}\left( {B_{0}^{\prime} - 1} \right)}\left( \frac{V}{V_{0}} \right)^{({B_{0}^{\prime} - 1})}} \right.} \\
 & {\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\left. {\, + \frac{1}{B_{0}^{\prime}}\frac{V}{V_{0}} - \frac{1}{B_{0}^{\prime} - 1}} \right\rbrack} \\
\end{matrix}$$

where *E*~0~ and *V*~0~ are the equilibrium total energy and volume under zero pressure conditions, respectively, and *B*~0~ and *B*ʹ~0~ are the equilibrium bulk modulus and its first derivative with respect to the pressure, respectively. The DOS spectra of the A and B cations were determined in the −14.9 to 14.9 eV energy range. The grid size for the DOS was 0.1 eV (i.e. the dimension was 299 for each DOS spectrum). The RDF spectra of the elemental combinations were also calculated with a grid size of 0.045 Å and a maximum distance of 4.5 Å (i.e. the dimension was 100 for each RDF spectrum); the full width of Gaussian broadening was 0.2 eV. Eventually, there were 1,208 dimensions for the explanatory variables in total in the PLS regression model. To evaluate the dielectric constants of the perovskite-type oxides, we used density functional perturbation theory (DFPT) \[[44](#CIT0044),[45](#CIT0045)\] implemented in the VASP code. The dielectric constant *ε* is the average of the diagonal components *ε~ii~* (*i* = 1, 2, and 3) of the dielectric tensor: $$\varepsilon = \ (\varepsilon_{11} + \varepsilon_{22} + \varepsilon_{33})/3$$

In PLS regression analysis, we estimated an index to determine the superiority of the regression coefficients. Wold et al. proposed variable importance in projection (VIP) scores, which reflect the influence of the explanatory variables on the PLS regression model \[[46](#CIT0046),[47](#CIT0047)\]. Explanatory variables with large VIP scores are important for building the PLS regression model. We used JMP® software \[[48](#CIT0048),[49](#CIT0049)\] and carried out the PLS regression analysis to extract suitable descriptors for predicting the dielectric constants of the perovskite-type oxides.

3.. Results and discussion {#S0003}
==========================

We first present the results of the dielectric constants of the perovskite-type oxides obtained using the first-principles calculations with the DFPT. The resulting dielectric constants of five perovskite-type compounds, namely CaTiO~3~ (Pnma) \[[50](#CIT0050)\], CaZrO~3~ (Pnma) \[[51](#CIT0051)\], SrTiO~3~ (Pm3m) \[[52](#CIT0052)\], SrZrO~3~ (Pnma) \[[53](#CIT0053)\], and BaZrO~3~ (Pm3m) \[[51](#CIT0051)\] are compared with the experimental results measured nearly at zero Kelvin, as shown in [Figure 1](#F0001). In fact, some differences are observed between the theoretical and experimental results in this study. It is well-known that DFT with GGA-type functionals calculates larger dielectric constants because GGA-type functionals overestimate the lattice constants of crystal structures, which affects low-frequency phonon modes \[[54](#CIT0054),[55](#CIT0055)\]. [Table 1](#T0001) lists some of the highest calculated values of the dielectric constants in our DFPT simulation. We find that SrTiO~3~-based materials exhibit relatively high dielectric constants, and some of their prediction results are close to their calculation results. Moreover, as a tendency of the optimized structures of the perovskite-type oxides, almost all of the targets, except structures with the space group symmetries R$\overset{‾}{3}$ and P6~3~/mmc, exhibit similar RDF profiles to a cubic system (Pm$\overline{3}$m) or closely resemble them (for example, some structures with Pnma and P4mm symmetries transform into Pm3m-like systems due through structural optimization). We also confirmed no change in space group before and after structural relaxation using the FINDSYM program \[[56](#CIT0056)\]. However, we found differences in the dielectric constants even for the same composition because the dielectric constants obtained using the DFPT calculations are sensitive to slight differences in the atomic coordinates. Note that BO~6~ octahedra link through their vertices in regular perovskites, such as those of Pm$\overset{‾}{3}$m, and P4mm symmetry, while perovskites with R and P6~3~/mmc symmetries have edge- or face-sharing BO~6~ octahedra.10.1080/14686996.2020.1724824-T0001Table 1.Highest values of dielectric constants of perovskite-type oxides estimated from DFPT. Dielectric constant values predicted using PLS and error values are also shown in the table. Absolute values of error over 1.0 are highlighted in bold.CompositionSpace groupCalculated ln *ε*Predicted ln *ε*Error *Δ*(ln *ε*)SrZrO~3~P4mm6.103.41**−2.69**SrHfO~3~R3m6.013.70**−2.31**SrTiO~3~R3m5.955.26−0.69SrTiO~3~R3c5.695.33−0.36CaTiO~3~P6~3~/mmc5.674.25**−1.42**SrTiO~3~Pm3m5.635.54−0.09SrTiO~3~P4/mmm5.545.53−0.01SrTiO~3~Fmmm5.505.26−0.24SrTiO~3~Imma5.485.06−0.42SrTiO~3~R3m5.465.33−0.13SrTiO~3~Pnma5.435.28−0.15SrTiO~3~P4mm5.335.490.16SrHfO~3~P6~3~/mmc5.294.24**−1.05**SrTiO~3~R3c5.285.290.01ZnTiO~3~Pnma5.124.70−0.42BaTiO~3~R3c5.115.420.31CaSnO~3~Fmmm5.093.78**−1.31**CaTiO~3~Imma5.044.82−0.22CaTiO~3~Fmmm5.014.86−0.15BaTiO~3~P6~3~/mmc4.875.010.14MgTiO~3~P4mm4.794.75−0.04CaGeO~3~P6~3~/mmc4.754.14−0.61CaTiO~3~Pnma4.744.50−0.24SrZrO~3~R3c4.693.79−0.90CaSnO~3~P6~3~/mmc4.662.79**−1.87**BaSiO~3~Pm3m4.624.10−0.52

We build the PLS regression model to predict DFPT results of dielectric constants of perovskite-type oxides using 66.7% of all samples as training data, and determine the number of components in the PLS regression model using the other 33.3% of samples as test data. Prediction errors against the number of components in the PLS regression model are shown in Supplemental Figure S1. Generally, the regression model with the lowest prediction error is adopted as the best prediction model; hence the PLS regression model with ten components is adopted in this study. [Figure 2](#F0002) shows the diagnostic plot of the logarithm of the dielectric constants (ln *ε*) between the results obtained using the DFPT and the ones predicted using the PLS regression model for training data and test data. Prediction abilities are fairly good, with coefficients of determination (*R*^2^) and root-mean-square error (RMSE) values of 0.86 and 0.40 for training data, and 0.67 and 0.63 for test data, respectively. The deviations between fitted and DFPT-derived values tend to be large in the high ln *ε* region. These deviations are ascribable to shallow potential curves around B-site cations, and the ln *ε* values of these materials are sensitive to small changes in the potential curve. We recalculated the PLS regression after removing the explanatory variables with low VIP scores (\< 0.8) (*vide infra*) and confirmed no significant difference in fitting quality (RMSEs of 0.43 and 0.57 were calculated for the training and test data, respectively). In addition, we confirmed no significant change in RMSE for test datasets, even after the datasets related to R3 and P6~3~/mmc symmetries, whose structures contains face- or edge-shared BO~6~ octahedra, were removed from the PLS regression (see Supplemental Figure S2). Hereinafter, we discuss the PLS regression results presented in [Figure 2](#F0002).

The present descriptor sets contain important factors affecting the dielectric constants of the various perovskite-type oxides. [Figure 3](#F0003) shows the resulting VIP scores, which reflect the importance of each explanatory variable in fitting the explanatory and objective variables. In our PLS regression analysis, the following descriptors, which are denoted by a--f in [Figure 3](#F0003), for a good prediction performance of the dielectric constants are extracted: (a) ionic radii of the A cations, (b) differences between the Bader and formal charges of the B cations, (c) RDF of the A − A combination (approximately 3.8 Å), (d) RDF of the B − B combination (approximately 3.8 Å), (e) DOS of the conduction bands derived from the A cations (approximately 4.0 eV vs. the Fermi level), and (f) DOS of the conduction bands derived from the B cations (approximately 3.0 eV vs. the Fermi level). PLS regression was also carried out by adding band gap values extracted from DOS spectra as explanatory variables, since the previous paper revealed clear correlations between band gap and dielectric properties \[[55](#CIT0055)\]. However, no significant change in fitting quality was observed. The RMSE for the test data is 0.54 when band gaps are included in datasets and 14 components are used for regression (see Supplemental Figure S3). We also note that the energy scale for DOS spectra is set to be zero for the Fermi level. Another energy reference considered to be physical reasonable is the vacuum level, although energy alignment to the vacuum level is technically difficult due to periodic boundary conditions. Instead, we aligned the energy level using the O 2s core state; however, the PLS regression results are essentially the same, irrespective of the choice of energy reference. The details are presented in Supplemental Figure S4. Hereinafter, PLS regression results using DOS energies referenced to the Fermi level are considered. We discuss the above six factors separately in the following.

**Factor (a)**: Despite the high VIP score for the ionic radii of the A cations (\~1.96), there is no clear relationship with the dielectric constants, as shown in Supplemental Figure S5. The averaged dielectric constants of the compounds including the same A ions gradually increase with respect to the ionic radius, from Mg (0.72 Å) to Sr (1.18 Å); this is consistent with the positive coefficient obtained for the PLS-derived prediction function. However, the change is within the standard deviation range, and the averaged dielectric constant decreases, from Sr (1.18 Å) to Ba (1.35 Å). Therefore, the ionic radius of the A ions may partly affect the dielectric constants; however, the factor is not dominant, i.e. no trend is observed because of the effect of the other factors.

**Factor (b)**: The VIP score for the differences between the Bader and formal charges of the B cations is approximately 2.57. Here, we investigate the relationship between the dielectric properties and the Bader charge of the B ions. Supplemental Figure S6 shows the results. Overall, the dielectric constants tend to increase with decreasing Bader charge despite the large scattering. In detail, as listed in [Table 1](#T0001), some of the Ti-containing perovskite-type oxides appear as high dielectric constant materials. This is consistent with the fact that the averaged Bader charges of the Ti ions (+2.58) is the lowest compared with those of the other cations: +3.44 (Zr^4+^), +3.94 (Hf^4+^), and +4.00 (Si^4+^, Ge^4+^, and Sn^4+^). We infer that the deviation from the nominal charges is related to the covalency with the oxide ions, which induces a second-order Jahn--Teller effect (SOJT) for the *d*^0^ ions. As the SOJT significantly affects the dielectric performance, the Bader charges of the B ions lead to a high VIP score for the present PLS fitting.

**Factors (c) and (d)**: The RDF spectral data of the A − A combinations at approximately 3.8 Å were extracted as one of the better descriptors (VIP \~ 1.78 at most) with positive coefficients. Similarly, the RDF spectral data of the B − B combinations at approximately 3.8 Å were extracted as one of the better descriptors (VIP \~ 1.81 at most) with negative coefficients. Here, we investigate the relationship between the dielectric constants and the important RDF spectral data. [Figures 4](#F0004) and [5](#F0005) show this relationship for the A − A combinations (in the range of 3.69--3.87 Å) and B − B combinations (in the range of 3.69--3.87 Å), respectively. Despite the high VIP score for the RDF at a certain distance for the A − A and/or B − B interactions, no clear relationship is observed between the RDF values and the dielectric constants. This indicates that multiple factors affect the dielectric constants. For comparison and validation, the dielectric constant is plotted against the interatomic distance of the A − A and B − B ions, as shown in Supplemental Figures S7(a) and S7(b). Again, no clear relationship is observed between the interatomic distance and the dielectric property in both figures. This shows that the A − A and/or B − B interatomic distances are not dominant factors; however, they might be complementary factors according to the VIP analysis, as shown in [Figure 3](#F0003). The dielectric constants of the selected compositions, namely CaTiO~3~, SrTiO~3~, BaTiO~3~, and CaSnO~3~, are replotted as a function of the B − B interatomic distance, as shown in Supplemental Figure S7(c). In particular, the dielectric constant of CaTiO~3~ monotonically decreases with respect to the B − B interatomic distance, whereas no clear relationship is seen for BaTiO~3~. The bond length of the nearest neighbor A − A or B − B ions is partly related to the dielectric property, though this factor is not dominant.

**Factors (e) and (f)**: The DOS spectral data are more important than the RDF descriptors (factors (c) and (d)) in predicting the dielectric constants in terms of the VIP score from our PLS regression analysis. The A-cation DOS spectral data at approximately 4.0 eV were extracted as one of the better descriptors (VIP \~ 2.14 at most) with negative coefficients. Similar to that shown in [Figures 4](#F0004) and [5](#F0005), we investigated the relationship between the dielectric constants and the important DOS spectral data. [Figure 6](#F0006) shows the relationship obtained using partial DOS for the A-cations (in the 3.8--4.4 eV range). The materials with high dielectric constants do not have a partial DOS for the A ions in the 3.8--4.4 eV energy range, whereas Mg (red), Zn (magenta), and Ca (orange)-containing compounds with low dielectric constants are more likely to show a relatively high partial DOS. Hence, the descriptors derived from the DOS for the A ions can be used to screen materials with low dielectric constants. The partial DOS for the B-cations (in the 1.9--3.9 eV range) were also extracted as one of the better descriptors (VIP \~ 2.63 at most) with positive coefficients. Interestingly, the data points can be clearly separated into two areas with a border at 10.0 of the horizontal value, as shown in [Figure 7](#F0007): one for the Ti-containing materials (red data points) and the other for the other materials. This figure shows that the B-cation DOS descriptor plays a significant role in improving the prediction of the dielectric constants of the Ti-containing materials. As mentioned above (factor (b)), the inclusion of Ti at the perovskite B-site leads to a higher dielectric constant, and the partial DOS for the B-ions is a good descriptor to distinguish the Ti ions from the other B ions. Thus, we infer that the descriptor also shows high VIP scores.

Overall, the six descriptors extracted from our PLS regression analysis play important roles in predicting the dielectric constants from the VIP analysis. However, a single descriptor cannot directly express the dielectric properties; therefore any correlation between a single descriptor and the dielectric constant is poor. No strong correlations exist between the dielectric constant and the two descriptors, although we investigated the relationships between dielectric constant and two descriptors among the six explanatory variables a − f (see Supplemental Figure S8). Thus, we conclude that multiple factors complementarily affect the dielectric performance.

4.. Conclusions {#S0004}
===============

In this study, descriptors for predicting the dielectric constants of perovskite-type oxides were investigated using first-principles calculations and PLS regression analysis. The basic physical and chemical characteristics, such as the DOS spectra and atomic charge, were set as explanatory variables in the PLS regression model. The PLS regression model showed a high accuracy in predicting the dielectric constants of the perovskite-type oxides. In addition, we confirmed that six explanatory variables, namely the Shannon ionic radii of the A cations, differences between the Bader and formal charges of the B cations, the RDF spectra for the A − A and B − B combinations, and the DOS spectra of the A and B cations in the conduction bands, strongly affect the dielectric constants of the perovskite-type oxides in the PLS regression analysis. In particular, the charge difference (ionicity) of the B cations and the DOS spectral data for the conduction bands of the B cations showing high VIP scores were extracted as better descriptors for predicting the dielectric constants. The informatics-aided approach can be used to build a multivariate regression model to predict a particular property from physical and chemical properties of the target materials and thus provide important explanatory variables for the regression model. This approach is extensible to other compositional series. For example, the PLS regression results show comparable quality of fit even for the datasets that include perovskite samples that contain lone electron pairs, Sn^2+^, and Pb^2+^ at their A-sites (see Supplemental Figure S9). 10.1080/14686996.2020.1724824-F0001Figure 1.Comparing calculated and experimental results of logarithmic dielectric constant, ln *ε*. The blue line is an ideal straight line, indicating that the calculated value is equal to the experimental value. Experimental results are obtained from Refs 50 − 53. 10.1080/14686996.2020.1724824-F0002Figure 2.Comparisons between calculated (DFPT) and predicted (PLS) logarithmic dielectric constants ln *ε* for training data (blue circles) and test data (red triangles). The dash line is the ideal straight line where predicted data equal calculated data. 10.1080/14686996.2020.1724824-F0003Figure 3.VIP scores of explanatory variables in the PLS model. The red-, green-, and cyan-colored peaks correspond to the basic physical and chemical properties (e.g. cohesive energy and ionic radii of A and B cations), RDF (A − A, A − B, A − O, B − B, B − O, and O − O combinations), and DOS (A and B cations), respectively. The arrows a − f indicate the more important explanatory variables with high VIP scores. 10.1080/14686996.2020.1724824-F0004Figure 4.Dielectric constant plot vs. A − A RDF (in the range of 3.69--3.87 Å) explanatory variables with high VIP scores. The red, orange, green, blue, and magenta points correspond to Mg, Ca, Sr, Ba, and Zn compounds, respectively. 10.1080/14686996.2020.1724824-F0005Figure 5.Dielectric constant plot vs. B − B RDF (in the range of 3.69--3.87 Å) explanatory variables with high VIP scores. The red, orange, green, blue, magenta, and cyan points correspond to Ti, Zr, Hf, Si, Ge, and Sn compounds, respectively. 10.1080/14686996.2020.1724824-F0006Figure 6.Dielectric constant plot vs. A-cation DOS (in the range of 3.8--4.4 eV) explanatory variables with high VIP scores. The red, orange, green, blue, and magenta points correspond to Mg, Ca, Sr, Ba, and Zn compounds, respectively. 10.1080/14686996.2020.1724824-F0007Figure 7.Dielectric constant plot vs. B-cation DOS (in the range of 1.9--3.9 eV) explanatory variables with high VIP scores. The red, orange, green, blue, magenta, and cyan points correspond to Ti, Zr, Hf, Si, Ge, and Sn compounds, respectively.
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